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Deadzone compensation control based on detection of micro flow rate in 1 
pilot stage of proportional directional valve  2 
 3 
Abstract:  4 
The pilot operated proportional directional valves (POPDVs) with a flow rate ranging from 100 to 1000 L/min are widely 5 
used in electro-hydraulic systems (EHSs). The deadzone of the pilot stage valve and its control compensation could 6 
significantly affect the position control performance for the main stage valve that could directly affect dynamics of EHSs. 7 
In this paper, it is concluded that micro flow rates exist at the intermediate position of the valve based on the analysis of the 8 
continuity equation of the flow in the control chamber of the pilot stage. The micro flow rate is helpful to eliminate the 9 
discontinuity and unsmooth domain in the previous inverse deadzone compensation function. An improved deadzone 10 
detection method is proposed to calibrate the pilot valve flow characteristics which include the micro flow rate. This new 11 
method avoids the threshold selection of the main valve spool displacement which affects the detected deadzone values. Its 12 
detection processes are realized based on the pilot flow rate characterized by the speed of the main valve spool and the pilot 13 
valve displacement characterized by the solenoid current. The deadzone compensation control strategy based on the 14 
improved deadzone detection method is also designed. The experimental results using the steady-state position tracking and 15 
sinusoidal position tracking methods are verified. It is concluded that the tracking accuracy of the main valve spool position 16 
is effectively improved with this control strategy. 17 
 18 
Keywords:  19 
Deadzone compensation; pilot operated; proportional directional valve; micro flow rate; deadzone detection; position 20 
control. 21 
 22 
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1 Introduction 24 
The pilot operated proportional directional valves (POPDVs) with a flow rate ranging from 100 to 1000 L/min are 25 
widely used in electro-hydraulic systems (EHSs) [1]. As a key component, the POPDV could significantly affect the control 26 
performance of EHSs. For example, the dimensional accuracy and consistency of injection molding products are directly 27 
controlled by the dynamic characteristics and control accuracy of a POPDV [2]. Therefore, many researches focus on 28 
improving the control characteristics of POPDV. 29 
The pilot stage and the main stage of a POPDV constitute a typical position closed-loop valve-controlled cylinder 30 
system as shown in Fig. 1 [3]. In this system, the input signals are the currents of two solenoids in the pilot stage, and the 31 
output signal is the main valve spool displacement, which is measured by a Linear Variable Differential Transformer 32 
(LVDT) displacement sensor and feed back to the control unit. The control strategy plays a key role for the dynamic 33 
characteristics and control accuracy of a POPDV. In order to improve the control performance of hydraulic valves, 34 
researchers have proposed various control methods. J. B. Gamble et al. adopted sliding mode control, and optimized the 35 
optimization of the sliding surface under the restriction of the jerk of spool. The response speed of the direct acting 36 
proportional servo valve has been improved [4]. Jin-hui Fang et al., introduced the integral action and speed feedback to 37 
improve the steady-state control accuracy and dynamic tracking performance of the proportional servo valve based on the 38 
jerk-constrained optimization sliding mode control [5]. Christoph Krimpmann et al. proposed two-order nonlinear sliding 39 
mode control method, which adopted active pole optimization method, the automatic tuning control parameters and the 40 
parameters of synovial pole [6], to further improve the control performance of direct acting proportional servo valve [7]. 41 
These control methods require accurate pilot valve spool position, and are not suitable for the POPDV without position 42 
sensor in the pilot stage.  43 
 44 
Fig. 1. The pilot operated directional valve and its schematic as a valve-controlled cylinder system.  45 
To a certain extent, the driving force of the pilot valve spool is proportional to the solenoid current, and the driving 46 
force of the main valve spool is proportional to the pressure in the control chambers. Therefore, the position control strategy 47 
design for the main valve spool focuses on the flow rate control in the pilot stage. However, in order to reduce 48 
manufacturing costs and sensitivity to contamination of oil, there are positive overlaps between the spool and the housing 49 
for the pilot stage [8, 9], resulting in the deadzones between the pilot valve spool displacement and the valve opening. The 50 
deadzones could improve the anti-disturbance capability of a POPDV, but they have significant adverse effects on the flow 51 
rate characteristics of the pilot stage. The deadzones also influence the dynamic characteristics and control accuracy of 52 
POPDVs. Therefore, accurate deadzone compensation is an important step in the control strategy design of POPDVs 53 
[10-12]. 54 
The most common method of deadzone compensation is using a constant inverse compensation function to counteract 55 
or compensate the influence of deadzone, which is effective only if the deadzones are fixed and known in advance [10-12]. 56 
However, the deadzones are not fixed but could be influenced by overlap, temperature, and clearance for a POPDV. 57 
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Therefore, for the deadzone with unknown parameters, the adaptive methods [13-16] are proposed to obtain the deadzone 58 
information online for compensation control. For the deadzone with time-varying characteristics, the neural network 59 
[17-20] methods were employed to adjust the deadzone inverse compensation parameters.  60 
These deadzone compensation methods could improve the dynamic characteristics and control accuracy of a POPDV 61 
evidently, but the online detection of varying deadzones in these researches relied on extra sensors including a LVDT 62 
displacement sensor in the pilot stage, which is impractical for the POPDVs as shown in Fig.1 due to the cost restriction. In 63 
addition, these methods considered only the compensation of the center deadzone. However, it was noted that the deadzones 64 
of the pilot valve were a cascade model with a center deadzone and an intermediate deadzone according to the flow 65 
characteristics of the pilot valve [12, 21]. The application of the cascade deadzone model in compensation control instead of 66 
the center deadzone model effectively improved the performance of a POPDV. The compensation method reduced the 67 
tracking error of the main valve spool position and the tracking lag at the direction changing moment of main valve spool 68 
motion as shown in Fig. 2. However, two aspects for the cascade deadzone model can be modified to further improve the 69 
control accuracy of the main valve. Firstly, due to the gap and leakage of the pilot valve, there is micro flow rate when the 70 
pilot valve spool has positive overlaps. This flow rate is simplified as zero in the cascade deadzone model. This 71 
simplification introduces discontinuity and unsmooth domain in the control law, and influences the position control 72 
accuracy of the main valve spool. Secondly, in the deadzone detection process, the deadzone is measured by the motion 73 
state of the main valve spool, and it needs to select a threshold of the main valve spool displacement to judge the spool 74 
motion, so as to calibrate the deadzone value. The threshold directly affects the detected deadzone values, thus affecting the 75 
position control accuracy of the main valve spool. These two aspects will be discussed in detail in the following part.  76 
 77 
Fig. 2. Position tracking performances with only center deadzone compensation and with cascade deadzone model. 78 
In this paper, an improved deadzone compensation control method is proposed, which is based on the flow 79 
characteristics of the pilot valve considering the micro flow rate. The deadzone model is modified from a hard state to a soft 80 
state by this method [22]. Applying this deadzone model to the inverse deadzone compensation control could further 81 
improve the control accuracy of the main valve. The paper is organized as follows. The cascade deadzone model of the pilot 82 
valve is reviewed, and an additional analysis of the deadzone compensation method is carried out based on the continuity 83 
equation of the flow in the control chamber of pilot stage. The improved detection method of the deadzones is introduced in 84 
detail, and the calibration results containing the micro flow characteristics are analyzed in the third section, followed by the 85 
control strategy of the deadzone compensation. In the fifth section, the pilot stage deadzone model considering the micro 86 
flow rate of the pilot valve is applied to the position control of the main valve spool, and is verified by experimental data. 87 
Finally, some necessary summaries are concluded.  88 
2 Deadzone compensation method based on cascade deadzone model  89 
2.1 Cascade deadzone model and micro flow rate of the pilot stage 90 
Ports A, B of the pilot valve have positive and negative overlaps LAc, LAt, LBc, LBt, as shown in Fig. 3 (a). According to 91 
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the relative position between the pilot valve displacement xP and the overlap, the pilot valve has five working positions. As 92 
shown in Fig. 3 (b), they are namely, left position, left intermediate position, center position, right intermediate position, 93 
and right position. The flow rate characteristics of the five positions are shown in Fig. 4. When the pilot valve is in the left 94 
or right position, the main valve spool is driven by the fluid through the pilot valve port, which can be called driving flow. 95 
The pilot valve has a deadzone when it is in the left or right intermediate position. When the pilot valve is in the center 96 
position and the main valve moves to the right or left position, the pressure of the pilot control chamber is balanced with the 97 
spring force of the main stage. When the main valve moves back to the center position, there will be flow rate through the 98 
pilot valve port due to the pressure of the pilot control chamber, which is called damping flow. This relationship between 99 
the pilot valve position and the flow rate is a cascade deadzone model consisting of the intermediate deadzone and center 100 
deadzone[12, 21]. 101 
 102 
Fig. 3. The structure and schematic of the pilot operated directional valve. 103 
(b) The schematic of the valve with detailed pilot valve 
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 104 
Fig. 4. Flow rate characteristics of the pilot valve.  105 
In the previous research, it is shown that the intermediate deadzones of the pilot valve are not directly equal to the 106 
overlaps of A and B ports, due to the leakage of the gap between the pilot valve spool and housing. As shown in Fig. 5, take 107 
port A of the pilot valve as an example. When the pilot valve spool displacement is between LAc and LAt, as shown in Fig. 5 108 
(b), the flow rate qpa, which is from the pilot port to the pilot control chamber, is laminar flow through annular clearance[1]. 109 
 110 
Fig. 5. The leakages cause by the clearance of the valve spool. 111 
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where dP is the diameter of pilot valve spool; δp is the clearance between the pilot valve spool and housing; μ is oil 113 
viscosity; pps is the supply pressure of the pilot valve, which is 3MPa; pa is pressure in the pilot control chamber A. 114 
The leakage flow rate from the pilot control chamber to the pilot valve return port is  115 
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The leakage flow rate from the pilot control chamber to the main valve return port is 117 
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where the dm is the diameter of main valve spool; δm is the gap between the main valve spool and housing; lmr is the gap 119 
length, which changes with movement of the main valve spool. 120 
When the pilot valve is at the intermediate position, the flow rate of the pilot control chamber satisfies  121 
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where Av is cross-sectional area of the main valve spool; xm is the displacement of main valve spool; and V0 is the initial 123 
volume of pilot control chamber; βe is the oil bulk modulus. 124 
In this case, the main valve spool is in a static state. According to Newton's second law, the force equilibrium equation is 125 
0
Left intermediate 
position
Left position
Center position 
Right intermediate 
position
Right position
Intermediate deadzones
BcL BtL AcLAtL
p
q
px
Pilot valve 
spool
Main valve spool
LAc LAt
δ p
δ m
(a) (b)
lmr
Pps Pt
Pa Pa
qpa qat
Qat
V0
xp=0 xp=L
'
Ac  (L
'
At)
  - 6 - 
 m v a b mk0 mf m
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, (5) 126 
where M is the mass of the main valve spool; Fmk0 is the initial preload spring force of the main stage; Fmf is the viscous 127 
friction force of the main valve; pb is the pressure of the pilot control chamber B. According to this equilibrium equation, 128 
the pressure of the pilot control chamber can be calculated. 129 
When the pilot valve moves to the upper limit of the intermediate deadzone, i.e. xp=L’Ac, the main valve begins to 130 
move from the static state that xm=0. According to the force equilibrium equation of main valve spool, the pressure and the 131 
flow rate of the pilot control chamber satisfy  132 
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where the pressure gradient of the control chamber pa is about pa/t. Solving the above equations, we can get the actual upper 134 
limit L’Ac of the intermediate deadzone.  135 
When the main valve spool is in a certain position that xm=Xm and the pilot spool moves to the lower limit of the 136 
intermediate deadzone that xp=L’At, the main valve begins to move back to the center position. In this case, the pressure and 137 
the flow rate of the pilot control chamber satisfy 138 
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The actual lower limit of the intermediate deadzone can be obtained by Eq. (7). The actual deadzone values calculated 140 
by Eqs.(6)-(7) are not consistent with the overlap values due to the gap leakage, which means that there is micro flow rate 141 
due to the difference between the actual deadzone and overlap, as shown in Fig. 6. 142 
 143 
Fig. 6. Micro flow rate at the intermediate position. 144 
2.2 Analysis of previous deadzone compensation method 145 
In the detection of the deadzone parameters as mentioned in the previous research [12, 21] , we assumed that the 146 
current of the proportional solenoid has a linear relationship with the magnetic force acting on the pilot spool within the 147 
stroke of deadzone at slow speed. Then, even without displacement sensor in the pilot stage of the proportional valve, the 148 
current of the solenoid Ip can be used to characterize the pilot valve displacement, as shown in Eq. (8) [21]. 149 
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where kpk is the stiffness of the pilot stage spring; kI is the gain coefficient of the solenoid current force. Then the 151 
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deadzone parameters LAc, LAt, LBc, LBt, can be detected and characterized as the current of the solenoid IAc, IAt, IBc, IBt. 152 
The detection processes are shown in Fig. 7, and it is necessary to set a threshold of the main valve spool displacement 153 
to monitor the motion of the main valve spool. 154 
 155 
Fig. 7. Detection of deadzone parameters characterized as the solenoid current.  156 
Then with the deadzone parameters characterized as the solenoid current, the inverse of the cascade deadzone model is 157 
used to compensate the cascade deadzones, which can be described by 158 
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where Cd is the flow coefficient of the pilot valve ports; ωa, ωb are the equivalent circumference of the pilot valve ports; qpd 160 
is the desired flow rate calculated by the main valve position controller which is a PID controller in the previous research. 161 
This inverse deadzone compensation method ignores the micro flow rate in the intermediate deadzone. And this 162 
simplification leads to the discontinuity and unsmooth domain of the desired solenoid current in the neighborhood of qpd=0 163 
as shown in Eq. (9), which influences the further improvement of tracking accuracy of the position control of the main 164 
valve spool.  165 
What’s more, the threshold to monitor the motion of the main valve spool in the deadzone detection also affects the 166 
detected deadzone values L’Ac, L’At L’Bc L’Bt, which has a direct effect on the deadzone compensation. That is, when the 167 
pilot valve spool displacement slowly increases or decreases during a time period of tc, the main valve spool moving across 168 
Ce% of the full stroke is selected as the threshold to determine deadzone values of the pilot valve. In this detection process, 169 
when the main valve spool displacement is greater or smaller than this threshold, the pilot valve displacement at this 170 
moment is calibrated as the upper or lower limit value of the intermediate deadzone. Thus the detected deadzone values 171 
satisfy the following Eqs. (10), (11) corrected from Eqs. (6), (7) in practical application. Eqs. (10), (11) contain the 172 
additional flow rate during the movement of main valve spool. 173 
A(B)cI
A(B)tI
mx
Threshold indicating spool moving
t
1t 2t
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(11) 175 
The parameter values in Table 1 are substituted into (10), (11) to calculate the detected deadzone values. The results 176 
are shown in Table 2. 177 
 178 
 179 
It can be seen that the length (L’Ac-L’At) of the detected intermediate deadzone is widened as the threshold increment 180 
accordingly. As the detected deadzone values varying with the threshold, it is necessary to select an appropriate threshold 181 
value to get appropriate detected deadzone values empirically for better performance of compensation control.  182 
In conclusion, the previous inverse deadzone compensation function contains discontinuity and unsmooth domain in 183 
the neighbourhood of qd=0, and the threshold of the main valve spool displacement affects the detected deadzone values. 184 
These two aspects may hinder the further improvement of the control performance. 185 
3 Improved deadzone detection method considering micro flow rate at the intermediate 186 
position 187 
It is a practical and effective way to directly use the flow characteristics of the pilot valve, which include the micro 188 
flow rate at the intermediate position, to improve the control performance of the main valve. It can eliminate the 189 
discontinuity and unsmooth domain in the previous inverse deadzone compensation function, and avoid threshold selection 190 
Table 2 The values of actual deadzones and detection deadzones  
Condition L
’
Ac L
’
At 
Real Value 0.917mm 0.912mm 
Calibration Value Ce=2% 0.923mm 0.910mm 
Calibration Value Ce=5% 0.937mm 0.907mm 
Calibration Value Ce=10% 0.978mm 0.905mm 
 
Table 1 Parameters for deadzone calculation 
Prameters Value Prameters Value 
V0 17000mm
3 dm 27mm 
δp 10μm dp 12mm 
lmr 10mm Km 65N/mm 
βe 1200Mpa Xm 0.05mm 
pps 3Mpa t 0.2s 
δm 2μm tc 0.2s 
Fmk0 125N Fmf 25N 
μ 0.041Ns/m2 Av 5.72cm
2 
LAc 1.1mm LAt 0.9mm 
Ce 0.02; 0.05; 0.1; xml 5mm 
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of the main valve spool displacement affecting the detected deadzone values. The improved deadzone detection method is 191 
proposed in this section. 192 
Since the inherent frequency of main valve is far quicker than that of the pilot valve, the dynamic characteristics of the 193 
main stage can be simplified. All flow rate of the pilot stage in addition to leakage is utilized to drive the main valve spool 194 
[23]. Therefore, the flow characteristics of the pilot stage can be expressed by the speed of the main valve spool vm, which is 195 
shown in Eq. (12). 196 
 p m v leak
q v A q   (12) 197 
Based on the pilot valve displacement characterized by current and the pilot valve flow rate characterized by the speed 198 
of the main valve spool, the improved deadzone detection method is mainly divided into the following six steps, as shown 199 
in Fig. 8. The whole detection processes can be realized in the digital controller, and the processes are described as follows. 200 
 201 
Fig. 8. Deadzones and micro flow rate detection processes of the pilot valve. 202 
1) Set the main valve spool at xm=0, and increase the solenoid A current slowly. Then detect the movement of the main 203 
valve spool. When the main valve spool displacement is greater than the threshold value Ce, record the current of the 204 
solenoid A as IAc. Control the main valve spool displacement to be in the xm=Xm position, and let the current of the solenoid 205 
A decrease slowly. Then detect the movement of the main valve spool. When the main valve spool movement is less than 206 
the threshold Ce, record the current of the solenoid A as IAt. 207 
2) Set the main valve spool at xm=0, and increase the solenoid B current slowly. Then detect the movement of the main 208 
valve spool. When the main valve spool displacement is greater than the threshold value Ce, record the solenoid current B 209 
as IBc. Control the main valve spool displacement to be in the xm=-Xm position, and let the current of the solenoid B 210 
decrease slowly. Then detect the movement of the main valve spool. When the main valve spool movement is less than the 211 
threshold Ce, record the solenoid current B as IBt. 212 
Through the above two steps, the deadzone values characterized by the current are initially calibrated [12]. Then the 213 
micro flow rate in the deadzone can be detected as described below. 214 
3) Set the main valve spool at xm=0, and increase the solenoid A current IA starting from IAt with a certain increment in 215 
a calibrating step until the current value is greater than the upper limit of the solenoid. In the case of every fixed current, 216 
sample the movement of the main valve spool and the time that it spends. The division of the displacement increment and 217 
the time can represent the main valve spool speed vm, which is used to calibrate the flow rate of the pilot valve under a 218 
certain pilot valve spool displacement characterized by the fixed current. According to this similar method, the driving flow 219 
characteristic of the pilot valve port A can be calibrated as IA=fA1(vm). 220 
4) Through the similar method as step 3, the driving flow characteristic of the pilot valve port B can be calibrated as 221 
IB=fB1(vm). 222 
5) Set the main valve spool at xm=Xm, and decrease the solenoid A current IA starting from IAc with a certain decrement 223 
in a calibrating step until the current value is zero. In the case of every fixed current, sample the movement of the main 224 
x
m
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 I
A
 , 
I B
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IA  
IAc IBc
IAt IBt
Ce xml
Ce xml
Ce xml
Ce xml
Micro amount 
flow rate during 
the deadzone
Flow rate beyond 
the deadzone
  - 10 - 
valve spool and the time that it spends. The division of the displacement increment and the time can represent the main 225 
valve spool valve speed vm, which is used to calibrate the flow rate of the pilot valve under a certain pilot valve spool 226 
displacement characterized by the fixed current. According to this similar method, the damping flow characteristic of the 227 
pilot valve port A can be calibrated as IA=fA2(vm). 228 
6) Using the similar method as step 5, the damping flow characteristic of the pilot valve port B can be calibrated as 229 
IB=fB2(vm). 230 
It should be pointed out that the change of the main valve spool displacement directly affects the pressure of the pilot 231 
control chamber, and has a great influence on the damping flow characteristics of the pilot stage, as shown in Eq. (5). For 232 
the different main valve spool displacement xm, the damping flow characteristics of the pilot stage can be corrected by 233 
 
A(B) A(B)2 m
m
( )m
X
I f v
x

. (13) 234 
Through the above steps, the flow characteristics of the pilot valve which contain the micro flow rate at the 235 
intermediate position can be detected. It is worth noting that, the threshold of the main valve spool displacement is used in 236 
the initial two steps, but it doesn’t need an optimal selection. In fact, it only needs to be greater than the amplitude of the 237 
steady-state noise of the main valve displacement sensor. 238 
 239 
Fig. 9. Results of flow rate detection. 240 
The experimental detection results in the case of Xm being 10% stroke (100% ~ 5mm) of the main valve are shown in 241 
Fig. 9. The detected deadzone values in the experiment are IAc=1713mA; IAt=1422mA; IBc=1540mA; IBt=1393mA, which 242 
are calibrated in the case of 0.5% threshold and Xm at 90% stroke. According to Fig. 9, the driving flow rate is higher than 243 
the damping flow rate. The flow rate characteristics in the detection intermediate position are not zero, but it is far less than 244 
the flow rate when the main valve moves out of the deadzone, and so-called micro flow rate. 245 
IA (mA)
v m
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m
m
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m
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4 Deadzone compensation control strategy with calibrated flow rate characteristic of the 246 
pilot valve 247 
Since the inherent frequency of the main valve, which is 1671Hz calculated by Eq. (14), is far quicker than that of the 248 
pilot valve, the pressure of the control chamber soon reaches a steady state during the response time of the pilot valve. So 249 
the dynamic characteristics of the main stage can be simplified as a first order system [23]. All flow rate of the pilot stage in 250 
addition to leakage is used to drive the main valve spool, so the kinematics equation of the main valve spool can be written 251 
as Eq. (15). 252 
 
2
e V
0
41
2
p
A
f
V M



 (14) 253 
 
p l
m
eak
m
m m
q q
x d
A A
  
 (15) 254 
In Eq.(15) qp is the flow rate of the pilot stage, qleak is the leakage, dm is the disturbance of the system. Eq. (15) is convenient 255 
for designing the main valve spool position control strategy based on the flow rate characteristic of the pilot valve. 256 
According to the first order state equation (15), the main task of the position control of the main valve spool is to 257 
design an appropriate control law of qp. This control law calculates the desired pilot valve flow rate qpd that satisfies the 258 
requirement of the main valve position control, which can be called as desired flow rate generator. Then the following task 259 
is to design a pilot valve flow rate controller, whose outputs are the desired currents IAd, IBd of the two solenoids, to track 260 
the desired flow rate qpd. Finally, the rest task is to use the PI current controller to track the desired currents of the solenoids 261 
[24]. Then the force of the solenoid drives the pilot valve spool to achieve the corresponding desired displacement and 262 
obtain the corresponding flow rate, so as to realize the closed-loop position control of the main valve spool. This framework 263 
of the closed-loop position control of the main valve spool is shown in Fig. 10. 264 
 265 
Fig. 10. The framework of the main valve spool position control 266 
The framework includes the outer loop controller of the main valve spool position and the inner loop controller of the 267 
solenoid current. The outer loop controller, which outputs the desired input current of the inner loop controller, consists of 268 
two parts: the desired flow rate generator and the pilot valve flow rate controller. In this paper, the pilot valve flow rate 269 
controller calculates the desired current IAd, IBd of the pilot valve by an open-loop projection method based on the calibrated 270 
flow rate characteristic of the pilot valve, as Eq. (16) shows.  271 
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where fid (IA, IB) is the calibrated flow rate characteristic of the pilot stage as shown in Fig. 9 in section 3; SatA1(•), SatA2(•), 273 
SatB1(•), SatB2(•) are the corresponding nonlinear saturation functions considering the bounded calibrated flow rate, they 274 
have the form 275 
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. (17) 276 
In Eq. (17), the subscript xx represents A1, A2, B1, B2; vmaxxx, vminxx are the maximum and minimum calibrated flow rate of 277 
the corresponding detection process. In practice, the flow rate characteristics are applied in the valve digital controller by 278 
the interpolation method of look-up table. By using this control method, the micro flow rate (MFR) of the intermediate 279 
deadzone has been concerned, which eliminates the discontinuity and unsmooth domain in the previous inverse deadzone 280 
compensation function and avoids the selection of the threshold value during the deadzone detection. 281 
The desired flow rate generator can be designed as described below. When the main valve spool tracks the reference 282 
position xmr, defining error e1=xm-xmr, 2 1e e and introducing the error integrals σ, Eq. (15) is extended to 283 
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 (18) 284 
where dq is disturbance and error between the calibrated pilot flow rate and the real pilot flow rate. The sum of fid and dq is 285 
used to characterize the flow rate qp. 286 
To design the control law of I, the slide mode is designed as  287 
 I P 1 2 0S K K e e    , (19) 288 
where KI, KP are greater than zero and guarantee that 
PI
0 1
KK



 
 
 is Hurwitz. Then define the Lyapunov function of the 289 
slide mode as 
21
2
V S , and its derivative is 290 
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Thus the desired flow rate qpd can be designed as 296 
 
id A B m 0 mpd ( , sign) ( )f I I A Aq K S  , (23) 297 
which can guarantee that derivative of the Lypunove function is smaller than zero. To eliminate chattering of control 298 
performance, the signum function can be approximated by the high-slope saturation function [25], and the desired flow rate 299 
qpd can be rewritten as 300 
 
idp B 0 md A m( , ) satf I I A A
S
q K

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
 
 , (24) 301 
where ξ is a small positive value. Substituting (19) in to (24), the control law of the desired flow rate qpd is a PID controller 302 
followed by saturation with gain K0, as shown below.  303 
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The schematic of the closed-loop position control of the main valve spool, which contains the deadzone compensation 305 
control strategy with calibrated flow rate characteristic of the pilot valve, is shown in Fig. 11. According to the difference 306 
between the reference main valve spool displacement xmr and the actual displacement xm, the desired flow rate generator 307 
calculates the required flow rate qpd to drive the main valve spool by Eq. (25). Then according to qpd, the pilot valve flow 308 
rate controller calculates the desired current IAd, IBd of the solenoids by Eq. (16), which is an open-loop projection method 309 
based on the calibrated flow rate characteristic as shown in Fig.9. Since the calibrated flow rate characteristic contains the 310 
information of micro flow rate at the intermediate position, the deadzone compensation considering the micro flow rate is 311 
realized. Finally, the inner loop solenoid current controller tracks the desired current IAd, IBd and the closed-loop position 312 
control of the main valve spool is realized. 313 
 314 
Fig. 11. The schematic of the main valve spool position control. 315 
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5 Experimental verification 316 
5.1 Experimental set-up and parameter settings  317 
 318 
 319 
Fig. 12. The schematic diagram of the experimental setup and test rig. 320 
The schematic diagram of the system and the experimental setup used in the experiments are the same as the previous 321 
research as shown in Fig. 12. The function generator is used to produce an analogue signal as the reference signal to the 322 
digital controller. The microcontroller is an ARM-based 32-bit MCU with 128KB Flash. All the control functions including 323 
current controller and position controller are embedded in this MCU. The PWM modulator is also integrated in the control 324 
electronics. The solenoid is driven by the PWM modulator to generate a PWM signal with controlled duty cycle. The LVDT 325 
signal conditioner is used to convert the main valve spool displacement to an analogy signal. 326 
A 16-bit data acquisition card (DAC) with USB interface is used to sample the required signals including: the input 327 
reference signal, the main spool position and the solenoid currents in the left and right solenoids. Besides, the UART 328 
(Universal Asynchronous Receiver/Transmitter) is used for communication between PC and the digital controller. Both of 329 
the current sensors for two solenoids have been calibrated with a high-precision ampere meter. The LVDT signal 330 
conditioner has also been adjusted from ±5mm to ±10V. 331 
In order to give general comparative results, the hydraulic power supply and the oil temperature are set in a typical 332 
condition. The maximum pressure is set as 10MPa and the flow rate is controlled at 200L/min as initial condition. 333 
The parameters K0, KI, KP, ξ in the control law Eq. (25) are determined as follows. KP, KI are set as 100 and 10 334 
respectively to guarantee the convergences of the error e in 50ms under the dynamic of the slide mode surface. K0 is set as 335 
6.87 in the case that the flow rate unit is L/min. The value of K0 is estimated by the detection results of pilot valve flow rate 336 
characteristic, which is not bigger than 200mm/s. ξ is increased from a small value until eliminating the chattering of 337 
control performance, and it is set as 0.1 finally.  338 
5.2 Experimental results 339 
Comparison of the two deadzone compensation methods are as follows: the first one uses Eq. (9) in the control law, 340 
which is without the micro flow rate at the intermediate position (without MFR); the other one uses Eq. (16) in the control 341 
law, which is with the micro flow rate at the intermediate position (with MFR). In the experiment, the desired flow rate 342 
generator adopts a PID controller as Eq. (25), and the solenoid current also adopts a PI controller [24]. The PID and PI 343 
controllers of both methods use the same parameters. The solenoid current PI controller which is adjusted by the Ziegler 344 
Nichols [26, 27] tuning procedure initially and manually optimized later. The proportional gain and the integral gain are 345 
32.02, 1.02 in the case that the current unit is mA and 100% PWM duty ratio is equivalent to 10000. 346 
Figs. 13-15 are the steady-state tracking results of the main valve spool displacement. The sampling frequency of the 347 
signal is 1 kHz. The red curve is the results of control method with MFR, and the blue curve is the results of control method 348 
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without MFR. During the processes of the deadzone detection, the threshold values of the main valve spool displacement 349 
are set as 0.5%, 2% and 3% respectively, in the case that Xm is at 90% stroke. The experimental results in Table 3 and Figs. 350 
13-15 are obtained. According to Table 3, the detected deadzone values IAc, IBc increase with the increment of the threshold, 351 
and the detected deadzone values IAt, IBt decrease with the increment of the threshold. It is because that the threshold value 352 
leads the additional flow rate into the process of deadzone detection. The detected deadzone values affected by the 353 
threshold value also verify the theoretical deduction in the second section of this paper. The deadzones of the pilot valve 354 
port A, B are asymmetric, that the deazone of port A is wider than that of port B, as shown in Table 3. The asymmetry is due 355 
to the manufacturing variation of the valve and characteristic difference of solenoids. 356 
The steady-state position tracking performances of the main valve spool under different threshold values are shown in 357 
Figs. 13-15. In these figures, (a) and (b) show the main valve spool displacement at the positive position and negative 358 
position respectively, (c) and (d) indicate the current of the corresponding solenoid. The steady-state tracking accuracy of 359 
the control method with MFR is better than that without MFR. As the threshold value increased, the tracking accuracy of 360 
the control method without MFR is worsened. But the steady-state tracking accuracy of the control method with MFR is 361 
almost unchanged under different threshold values. The solenoid currents of the control method with MFR have smaller 362 
amplitude and less intense vibration than that without MFR. And as the detected deadzones widen as threshold values 363 
increase, the solenoid currents of the control method without MFR have larger amplitude and more intense vibration, which 364 
is due to the vibration of the detected deadzone values in Eq. (9). These current responses reveal that the control method 365 
with MFR eliminates discontinuity and unsmooth domain in inverse deadzone compensation, thus improves the current 366 
control performance, so the performance of the main valve spool position control is improved. Additionally, the solenoid 367 
currents of the control method with MFR have less intense vibration as threshold values increase. It is due to the increment 368 
of the overlapped region between the driving flow characteristic and the damping flow characteristic. The two flow 369 
characteristics are calibrated with the solenoid current starting from the detected deadzone values IA(B)c in the improved 370 
deadzone detection method. So the overlapped region of the flow characteristics increases as IA(B)c decreases as shown in 371 
Table 3. And the more overlapped region of the flow characteristics makes current calculated by Eq. (16) change more 372 
smoothly when conditions of Eq. (16) change. What’s more, the tracking performances at the positive position and negative 373 
position also reflect the asymmetry of the valve. Table 3 gives a statistical analysis of the steady-state tracking error. It is 374 
shown that the steady-state tracking accuracy is greatly improved by the control method with MFR.  375 
The sinusoidal position tracking of the main valve spool is shown in Fig. 16, where (a) is the main valve spool 376 
displacement and (b) is the currents of the corresponding solenoid. The threshold values of the main valve spool 377 
displacement are set as 0.5%. According to Fig. 16(b), the solenoid currents of the control method with MFR have less 378 
intense vibration than that without MFR, especially in the first quarter of a sinusoidal cycle. It is because that the desired 379 
solenoid current calculated by Eq. (9) in the control method without MFR has an unsmooth domain in the neighborhood of 380 
qpd=0. The more intense current vibration of the control method without MFR in the first quarter of a sinusoidal cycle is due 381 
to the large length of (IAc-IAt), as shown in Table 3. The position tracking curve of the control method with MFR is 382 
smoother than that without MFR, especially when the main valve spool crosses the zero position. And the phase delay with 383 
MFR is less than that without MFR in the second and fourth quarter of a sinusoidal cycle. During these quarters, the main 384 
valve spool position is driven by the damping flow of the pilot valve, and the control method with MFR is more sensitive to 385 
small position error of the main valve spool. The solenoid current vibrations in the second and fourth quarter of a sinusoidal 386 
cycle show the control effect, so the control method with MFR gets a better tracking performance. 387 
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 388 
 389 
Fig. 13. Experimental results of steady-state tracking with 0.5% threshold value. 390 
4 8 %
1 2 0 0
1 3 0 0
1 4 0 0
1 5 0 0
1 6 0 0
1 7 0 0
1 8 0 0
1 2 0 0
1 3 0 0
1 4 0 0
1 5 0 0
1 6 0 0
1 7 0 0
1 8 0 0
4 8 .5 %
4 9 %
4 9 .5 %
5 0 %
5 0 .5 %
5 1 %
5 1 .5 %
5 2 %
0 1 2 3 4 5 6 7 8 9 1 0
0 1 2 3 4 5 6 7 8 9 1 0 0 1 2 3 4 5 6 7 8 9 1 0
- 5 2 %
-5 1 .5 %
-5 1 %
-5 0 .5 %
-5 0 %
-4 9 .5 %
-4 9 %
-4 8 .5 %
-4 8 %
0 1 2 3 4 5 6 7 8 9 1 0
Time (s)
x
m
x
m
Time (s)
Without MFR
With MFR
Without MFR
With MFR
Time (s) Time (s)
I A
 (
m
A
)
I B
 (
m
A
)
Without MFR
With MFR
Without MFR
With MFR
(a) (b)
(c) (d)
Table 3 Detected deadzone values and square root of tracking error 
Threshold(%) IAc; IAt(mA) IBc; IBt(mA) xmr (%) 
SRE(%) 
without MFR  
SRE(%) 
with MFR 
0.5 1713;1422 1540;1393 
50 0.201 0.083 
-50 0.139 0.115 
2 1745;1361 1569;1339 
50 0.182 0.077 
-50 0.172 0.11 
3 1768;1332 1588;1287 
50 0.372 0.08 
-50 0.202 0.125 
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 391 
Fig. 14. Experimental results of steady-state tracking with 2% threshold value. 392 
 393 
Fig. 15. Experimental results of steady-state tracking with 3% threshold value 394 
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 395 
Fig. 16. Experimental results of sinusoidal tracking.  396 
6 Conclusion 397 
In the previous research, we propose a deadzone compensation method for the pilot stage of the proportional valve 398 
based on a cascade deadzone model. This method effectively narrows the tracking error of the main valve spool position 399 
and the tracking lag at the direction changing moment of main valve spool motion. However, two aspects for the cascade 400 
deadzone model can be modified to further improve the control accuracy of the main valve. Firstly, due to the gap and 401 
leakage of the pilot valve, there is micro flow rate due to the difference between the actual deadzone values and overlaps at 402 
the intermediate position. The micro flow rate is simplified as zero by the compensation method. This simplification 403 
introduces discontinuity and unsmooth domain in the control of the solenoid current, and affects the accuracy of the 404 
position control of the main valve spool. Secondly, the threshold selection of the main valve spool displacement in the 405 
detection process of the deadzones affects the detected deadzone values, thus it affects the position control accuracy of the 406 
main valve spool. This paper aims to further improve the control accuracy of the main valve, and the following conclusions 407 
are drawn. 408 
(1) Because of the gap and the leakage of the pilot valve, the micro flow rate exists at the intermediate position of the 409 
pilot valve. The micro flow rate is helpful to eliminate the discontinuity and unsmooth domain in the previous inverse 410 
deadzone compensation function. 411 
(2) In order to calibrate the flow characteristics of the pilot valve which include the micro flow rate, an improved 412 
deadzone detection method is proposed. Its detection processes are realized according to two principles. First, the pilot flow 413 
rate is characterized by the main valve spool speed; second, the pilot valve displacement is characterized by the solenoid 414 
current. This deadzone detection method avoids selection of an appropriate threshold value of the main valve spool 415 
displacement. And the calibrated flow characteristics of the pilot valve contain the information of the micro flow rate and 416 
the deadzone, so the calibration results are useful for the control strategy of deadzone compensation. 417 
(3) The deadzone compensation control strategy with calibrated flow rate characteristic of the pilot valve is proposed. 418 
The outer loop of this framework consists of the pilot valve flow rate controller and the desired flow rate generator. The 419 
pilot valve flow rate controller is designed based on the calibrated flow characteristics of the pilot valve, so it can 420 
compensate the deadzone. The desired flow rate generator is developed using sliding mode method, and it is a PID 421 
controller followed by saturation.  422 
(4) The experimental results including both steady-state position tracking and sinusoidal position tracking show that 423 
the proposed control strategy with MFR, which eliminates the discontinuity and unsmooth domain in the inverse deadzone 424 
function, effectively improves the tracking accuracy of the position control of the main valve spool. 425 
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Figure captions 481 
Fig. 1. The pilot operated directional valve and its schematic as a valve-controlled cylinder system. 482 
Fig. 2. Position tracking performances with only center deadzone compensation and with cascade deadzone model. 483 
Fig. 3. The structure and schematic of the pilot operated directional valve. 484 
Fig. 4. Flow rate characteristics of the pilot valve.  485 
Fig. 5. The leakages cause by the clearance of the valve spool. 486 
Fig. 6. Micro flow rate at the intermediate position. 487 
Fig. 7. Detection of deadzone parameters characterized as the solenoid current. 488 
Fig. 8. Deadzones and micro flow rate detection processes of the pilot valve. 489 
Fig. 9. Results of flow rate detection. 490 
Fig. 10. The framework of the main valve spool position control. 491 
Fig. 11. The schematic of the main valve spool position control. 492 
Fig. 12. The schematic diagram of the experimental setup and test rig. 493 
Fig. 13. Experimental results of steady-state tracking with 0.5% threshold value. 494 
Fig. 14. Experimental results of steady-state tracking with 2% threshold value. 495 
Fig. 15. Experimental results of steady-state tracking with 3% threshold value. 496 
Fig. 16. The experimental results of sinusoidal tracking. 497 
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